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INTRODUCTION AND BACKGROLND 

Our r e s u l t s  demonst ra ted  t h a t  by c a r e f u l  s e l e c t i o n  of  c o a l  d e v o l a t i l i z a t i o n  
c o n d i t i o n s ,  it i s  p o s s i b l e  t o  produce q u a l i t y  ( b u t ,  perhaps ,  low y i e l d )  
l i q u i d  f u e l s  (1). However, t h e  o v e r a l l  economics of a d e v o l a t i l i z a t i o n  
p rocess  i s  s t r o n g l y  i n f l u e n c e d  by t h e  commercial use  o f  cha r  which c o n s t i t u t e s  
a s  t h e  major p o r t i o n  of  t h e  d e v o l a t i l i z d t i o n  p roduc t s ,  r e g a r d l e s s  of  p y r o l y s i s  
scheme u t i l i z e d .  Coal c h a r s  prepared  by low-temperature d e v o l a t i l i z a t i o n  have 
a h igher  degree  of  c r y s t a l l i n i t y  than  t h e  s t a r t i n g  c o a l .  
l i n e  s t r u c t u r e  of c o a l  c h a r  i s  s i g n i f i c a n t l y  less o rde red  than  g r a p h i t e .  
lower the  coa l  p y r o l y s i s  t empera tu re ,  t h e  g r e a t e r  t h e  d i s o r d e r .  
t h e  bu i ld ing  b locks  a r e  l a m e l l a r  i n  s t r u c t u r e  he ld  t o g e t h e r  by van de r  Waals 
f o r c e s .  
s u s c e p t i b l e  t o  a t t a c k  b y  ox idan t s .  T h e  edge carbon atoms a r e  more r e a c t i v e  
t h a n  basa l  carbon atoms. Ac t ive  carbon s i t e s  a r e  cons idered  a s  d i s l o c a t i o n s  
or imper fec t ions  i n  t h e  c r y s t a l l i t e  edges of carbon (2 ) .  I t  was demon- 
s t r a t e d  ( 1 )  t h a t  cha r s  p repa red  a t  mild c o n d i t i o n s  ( i . e . ,  5OOOC) had h ighe r  
a c t i v e  s u r f a c e  a r e a s ,  and thus  had h igher  r e a c t i v i t y  t h a n  those  prepared  a t  
s eve re  cond i t ions  ( i . e . ,  950'C). Numerous s t u d i e s  have been r epor t ed  on t h e  
r e a c t i v i t y  of cha r s  gene ra t ed  a t  d i f f e r e n t  o p e r a t i n g  c o n d i t i o n s ,  ( e .g . ,  d i f -  
f e r e n t  cha r  format ion  t empera tu res ,  burnoff t empera tu res ,  oxygen p a r t i a l  p re s -  
s u r e s ,  and p a r t i c l e  ' s i z e s )  (1-4) .  
o f  coa l  char  i n c l u d e  t h e  fo l lowing:  ( a )  concen t r a t ion  of  carbon a c t i v e  s i tes ,  
(b) c a t a l y s i s  by t h e  i n h e r e n t l y  p r e s e n t  m i n e r a l s ,  and ( c )  t h e  d i f f u s i o n  of t h e  
r e a c t a n t  and p roduc t  g a s e s  w i t h i n  t h e  po res  of t h e  d e v o l a t i l i z e d  char  (3).  
Coal chars  a r e  he te rogeneous  m a t e r i a l s  t h a t  can con ta in  s i g n i f i c a n t  amounts 
o f  heteroatoms such  a s  hydrogen, oxygen, n i t r o g e n ,  and s u l f u r ,  which may a l s o  
in f luence  t h e  r e a c t i v i t y .  While oxygen sites i n f l u e n c e  r e a c t i v i t y  by e l e c -  
t r o n  exchange, n i t r o g e n  and s u l f u r  s i t e s  encourage  r i n g  a t t a c k  due t o  concen- 
t r a t i o n  of  t h e  e l e c t r o n s  (2 ) .  I t  was demonst ra ted  t h a t  t h e  c h a r ' s  hydrogen 
con ten t  can  p l a y  a s i g n i f i c a n t  r o l e  i n  r e a c t i v i t y  perhaps  by p rov id ing  a 
sou rce  of nascent -carbon s i t e s  (1). 

Numerous s t u d i e s  cons ide red  t h e  s i g n i f i c a n c e  of a c t i v e  s u r f a c e  a rea  f o r  
i n v e s t i g a t i n g  t h e  r e a c t i v i t y  of c o a l  cha r  o r  carbon (9-14).  The technique  
used to  de te rmine  t h e  c o n c e n t r a t i o n  of carbon a c t i v e  s i t e s  i s  oxygen chemi- 
s o r p t i o n .  La ine  e t  a l .  (4)  i n v e s t i g a t e d  t h e  r o l e  of  t h e  a c t i v e  su r face  a rea  
i n  t h e  carbon-oxygen r e a c t i o n ,  and observed t h a t  t h e  unoccupied ( i . e . ,  a v a i l a -  
b l e )  a c t i v e  s u r f a c e  a r e a  was t h e  major f a c t o r  t h a t  de te rmines  t h e  r a t e  con- 
s t a n t ,  r a t h e r  t han  t h e  conven t iona l  Brunauer-Emmett-Teller (B.E.T.) su r f ace  
a r e a .  Although carbon-oxygen r e a c t i o n s  have wide ly  been i n v e s t i g a t e d  (2-18) 
and s e v e r a l  mechanisms p o s t u l a t e d ,  t he  e x a c t  mechanisms a r e  n o t  w e l l  under- 
s tood .  Seve ra l  e l emen ta ry  r e a c t i o n s  (shown below) have been used ( 2 )  t o  
desc r ibe  t h e  r e a c t i o n  mechanisms: 

However, t h e  c r y s t a l -  
The 

I n  g r a p h i t e ,  

A t  t h e  edge ,  c r y s t a l l i t e s  have unpai red  sigma e l e c t r o n s  which a r e  

The f a c t o r s  which in f luence  t h e  r e a c t i v i t y  
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where,  
2c + 0 2  2c (0) (1)  c = Free  a c t i v e  s i t e .  

Cf ( 0 )  * Cf (0) (2) Cf (0) = S t a b l e  carbon-oxygen complex. 
c: (0) f CAS (3) CiS(O) = T r a n s i e n t  oxygen-sur face  
C f  ( 0 )  + C f  (0) 2 cop + C f  ( 4 )  complex. 

On t h e  b a s i s  o f  a c t i v e  su r face  a r e a ,  t h e  r a t e  c o n s t a n t s  of  carbon-oxygen 
r e a c t i o n s  were c a l c u l a t e d  us ing  an equa t ion  of  t h e  form: 

(5  ) 
dPO 2 = k (Poz) (UASA) where, UASA = ASA(1-8) 

ASA i s  t h e  a c t i v e  s u r f a c e  a r e a  f o r  t he  c h a r ,  and ( 1 4 )  i s  t h e  f r a c t i o n  of t h e  
ASA which i s  unoccupied (UASA). La ine  e t  a 1  (4) c a l c u l a t e d  r a t e  c o n s t a n t s  
based on both  UASA a s  we l l  a s  t o t a l  s u r f a c e  a r e a  (TSA), determined by BET 
measurements. On t h e  b a s i s  of UASA, t h e  c a l c u l a t e d  r a t e  cons t an t s  were 
e s s e n t i a l l y  cons t an t  ove r  t he  burnoff and t ime range s t u d i e d .  
t h i s  t h e o r y ,  a v a i l a b l e  a c t i v e  s u r f a c e ,  a s  de te rmined  by  oxygen chemisorp t ion  
c a p a c i t y  is  a fundamental  p rope r ty  of a c o a l  cha r  which i n f l u e n c e s  i t s  
r e a c t i v i t y .  

From a g a s i f i c a t i o n  o r  combustion s t a n d p o i n t ,  t h e  s i tes  p a r t i c i p a t i n g  i n  
g a s i f i c a t i o n  can be s i g n i f i c a n t l y  d i f f e r e n t  from those  measured i n i t i a l l y ,  
i . e . ,  b e f o r e  any burnoff  occur s .  Chornet e t  a l .  (15) assumed t h a t  t h e  char -  
oxygen r e a c t i o n  system undergoes t h r e e  s e q u e n t i a l  phases :  ( a )  i n i t i a l l y ,  
the  r e a c t i o n  proceeds  s lowly  because  t h e  inven to ry  of " a c t i v e  si tes" is 
r a t h e r  l i m i t e d  a t  t h e  o n s e t  of t h e  r e a c t i o n ;  (b)  a c c e l e r a t i o n  of t h e  r e a c t i o n  
r a t e  OCCUKS because t h e  concen t r a t ion  of  a c t i v e  s i tes  i n c r e a s e s  s i g n i f i c a n t l y  
due t o  pore  growth and opening, and a maximum r a t e  r e f l e c t s  a ba l ance  between 
gene ra t ion  and d e p l e t i o n  of  t h e s e  a c t i v e  s i t e s ;  and ( c )  beyond t h i s  maximum 
p o i n t ,  t h e  t o t a l  number of a c t i v e  s i tes  and t h u s ,  t h e  r e a c t i o n  r a t e ,  dec rease  
due t o  t h e  consumption of a c t i v e  s i t e s  du r ing  bu rnof f .  However, no expe r i -  
mental  work was performed t o  v a l i d a t e  t h i s  model. Mahajan e t  a l .  (16) sug- 
ges ted  t h a t  t he  a v a i l a b i l i t y  of a c t i v e  s i t e s  might be c o n t r o l l e d  by t h e  
opening and l o s s  of t h e  pores  du r ing  o x i d a t i o n  i n  a complex way. 

The normalized burnoff r a t e  has  been e x t e n s i v e l y  used i n  t h e  l i t e r a t u r e  f o r  
s tudy ing  coa l  cha r  combustion. A r b i t r a r i l y  de f ined  r e fe rence  t imes  such  as 
l o - ,  15-,  o r  50-percent  convers ion  f o r  maximum r e a c t i v i t y  have been used  by 
va r ious  i n v e s t i g a t o r s  (1 ,9 ,18 ,21 ) .  Fo r  example,  wh i l e  Mahajan e t  a l .  (16) 
normalized r e a c t i v i t y  r e s u l t s  based on t h e  t i m e  needed f o r  50 p e r c e n t  b u r n o f f ,  
Solomon et a l .  (17 )  developed a new approach f o r  normal iz ing  t h e  r e a c t i o n  r a t e  
based on 10 pe rcen t  b u r n o f f ,  implying t h a t  v a r i o u s  r e fe rence  times used  may 
have fundamental  s i g n i f i c a n c e .  The s i g n i f i c a n c e  of va r ious  r e f e r e n c e  times 
on norma l i za t ion  of cha r  r e a c t i v i t y  is no t  w e l l  unders tood .  The o b j e c t i v e s  
of  t h i s  s tudy  a r e :  ( a )  t o  i n v e s t i g a t e  t h e  v a r i a t i o n  i n  ASA a s  a f u n c t i o n  of  
bu rnof f ,  and (h)  t o  s t u d y  the  i n f l u e n c e  of  v a r i o u s  r e f e r e n c e  t imes  (from 10- 
t o  70-percent  bu rnof f )  on a normalized r e a c t i o n  r a t e .  

According t o  

193 



EXPERIMENTAL 

As desc r ibed  e l sewhere  ( l ) ,  a P i t t s b u r g h  No. 8 ( h i g h - v o l a t i l e  b i tuminous)  coa l  
was pyrolyzed i n  a thermogravimet r ic  a n a l y s i s  (TGA) system hea ted  a t  20°C/min 
i n  an  i n e r t  a tmosphere .  Low-temperature cha r  was prepared  a t  500'C whi le  t he  
h igh- tempera ture  c h a r  was prepa red  a t  95OoC. Opera t ing  cond i t ions  f o r  oxida- 
t i o n  a s  w e l l  a s  t h e  t echn ique  t h a t  was used t o  monitor t h e  i so the rma l  burnoff  
r a t e  have been d e s c r i b e d  i n  d e t a i l  (1). S e l e c t e d  cha r s  were then  sub jec t ed  
t o  ox ida t ion  i n  a TGA system a t  bu rnof f  t empera tu res  of 400 t o  474OC. Char 
weight l o s s  was moni tored  con t inuous ly  du r ing  t h e  r e a c t i o n  pe r iod  and was 
conver ted  t o  t h e  f r a c t i o n a l  cha r  burnoff  a t  v a r i o u s  t imes  (F igure  1 ) .  The 
r e a c t i v e  gas  had a f l o w r a t e  o f  120 mL/min oxygen. The oxygen chemisorp t ion  
capac i ty  (OCC) was de te rmined  by measuring t h e  oxygen uptake  by t h e  c o a l  char  
a t  approximate ly  2OO0C and 0 . 1  MPa of oxygen f o r  about  15 hours i n  a TGA 
system. The oxygen chemisorp t ion  capac i ty  f o r  t h e  low- and h igh- tempera ture  
cha r s  a r e  203 and 70 m2/g, r e s p e c t i v e l y .  Obvious ly ,  .the r e s u l t s  demonst ra te  
t h a t  t he  low- tempera ture  c h a r s  have  a s i g n i f i c a n t l y  h ighe r  OCC t h a n  t h e  
h igh- tempera ture  c h a r s .  These and o t h e r  r e l a t e d  r e s u l t s  have been d i scussed  
e l sewhere  (IO) i n  d e t a i l .  

RESULTS AND DISCUSSION 

Normal iza t ion  o f  Burnoff Curves Using Various Reference  Times 

The in s t an taneous  weight  of cha r  i n  a t y p i c a l  TGA run  i s  monitored cont inu-  
ous ly  du r ing  t h e  r e a c t i o n  p e r i o d .  The f r a c t i o n a l  cha r  convers ion  ( f )  i s  
g e n e r a l l y  used t o  r e p r e s e n t  t h e  c h a r a c t e r i s t i c  of  cha r  bu rnof f .  The va lues  
of f a t  any t i m e  d u r i n g  cha r  burnoff  can  be  c a l c u l a t e d  from the  TGA weight- 
l o s s  curve  u s i n g  t h e  fo l lowing  expres s ion :  

= M(O) - M(t) 
M(0) - Mash 

where Mo i s  t h e  i n i t i a l  we igh t  of cha r ,  M 
c h a r ,  and M 
s c a l e  can a?:! be normal ized  t o  t h e  d imens ionless  time I ,  based on t h e  
r e fe rence  t ime F igure  1 compares t h e  f r a c t i o n a l  burnoff  cu rves  f o r  
cha r s  prepared  a t  500° and 95OoC. For the  5OO0C c h a r ,  t h e r e  is a maximum 
burnoff  r a t e  a t  about  10 p e r c e n t  of char  bu rnof f .  
t i o n  curve  ( i . e . ,  changing  s l o p e s )  p o s s i b l y  r e f l e c t s  t h e  competing even t s  
of pore  growth and p o r e  d e p l e t i o n  a s  proposed by o t h e r s  (3,161. L i z z i o  
e t  a l .  (19 ) ,  sugges t ed  t h a t  t h i s  observed maximum r a t e  i s  n o t  caused by 
dec reas ing  i n t r a p a r t i c l e  d i f f u s i o n a l  l i m i t a t i o n s ,  b u t  r a t h e r  is a r e s u l t  
of competing mechanisms a s  desc r ibed  by o t h e r  i n v e s t i g a t o r s  (15,161 i n  t h e  
k i n e t i c a l l y  c o n t r o l l e d  regime. 

Upon norma l i za t ion  of  t h e  bu rnof f  r a t e ,  t h e r e  i s  on ly  one  c h a r a c t e r i s t i c  
burnoff  cu rve  for any burnoff  tempera ture .  For  example, F igu re  2 ( a , b )  
shows some of t h e  bu rnof f  cu rves  f o r  t h e  5OOOC cha r  ox id i zed  a t  burnoff  
tempera tures  o f  400 t o  474OC. These burnoff  curves  have been normalized 
wi th  the  t i m e  r e q u i r e d  f o r  10- t o  70-percent  cha r  burnoff  cor responding  t o  
each  Tb. 
a s  a s i n g l e  c h a r a c t e r i s t i c  cu rve .  Also ,  s i m i l a r  r e s u l t s  were ob ta ined  f o r  
t h e  95OoC cha r  o x i d i z e d  a t  T 

i s  t h e  in s t an taneous  weight of 
i s  t h e  a sh  c o n t e n t  i n  t h e  S r i g i n a l  cha r  sample.  The time 

The shape of  t h e  combus- 

The cu rves  a r e  v e r y  s i m i l a r  t o  each  o t h e r  and can  be cons idered  

= 400, 430, and 450 a s  shown i n  F igu re  2 ( c , d ) .  b 
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The d a t a  f o r  50 pe rcen t  burnoff ca ses  i s  n o t  shown. The unique c h a r a c t e r i s -  
t i c  burnoff  curve  f o r  each cha r  p r e p a r a t i o n  tempera ture  f a c i l i t a t e s  a n a l y s i s  
o f  da t a  a t  d i f f e r e n t  t empera tu res .  However, t h e s e  da t a  demonst ra te  t h a t  
t h e r e  is l i t t l e  fundamental  s i g n i f i c a n c e  of  t h e  burnoff  t ime used f o r  nor -  
malized r e a c t i v i t y  d a t a .  

Oxygen Chemisorption Capac i ty  (OCC) o f  a Low-Temperature Char Measured a t  
Various Levels  o f  Burnoff 

The v a r i a t i o n  of OCC wi th  f r a c t i o n a l  burnoff  was monitored i n  a TGA system 
f o r  t h e  500°C cha r .  The cha r  was hea ted  t o  40OoC i n  he l ium be fo re  pu re  oxy- 
gen was in t roduced  i n t o  the  r e a c t o r  a t  t h e  same t empera tu re .  A t  e ach  l e v e l  
of  bu rnof f ,  t h e  burned cha r  was sub jec t ed  t o  measurement of  OCC by oxygen 
chemisorp t ion  a t  200OC. The l e v e l  of burnoff  measured i n  t h i s  s t u d y  ranged 
from z e r o  t o  85 pe rcen t  (dry-ash- f ree  cha r  b a s i s ) .  R e s u l t s  of t h e  OCC 
measurement a t  d i f f e r e n t  burnoff  l e v e l s  a r e  shown i n  F i g u r e  3. S e v e r a l  
i n t e r e s t i n g  obse rva t ions  can be made about  t h i s  d a t a .  F i r s t  of a l l ,  t h e  
measured OCC i n  t h i s  s tudy  a r e  v e r y  h igh  compared t o  t h o s e  g e n e r a l l y  r e p o r t e d  
i n  t h e  l i t e r a t u r e  f o r  coa l  cha r s .  The ASA was c a l c u l a t e d  assuming t h a t  
chemisorp t ion  i s  d i s s o c i a t i v e  and each  oxygen atom occupies  one carbon atom 
wi th  a c r o s s  s e c t i o n a l  a r ea  of 8.3 A'. Such assumpt ion ,  though r easonab le  
f o r  pure  g r a p h i t e ,  may no t  be s t r i c t l y  v a l i d  f o r  h igh ly  amorphous cha r  where 
oxygen may s o r b  on s u r f a c e  wi thou t  d i s s o c i a t i o n .  This  h igh - su r face  a r e a  
perhaps r e f l e c t s  t h a t  t h e  low-temperature cha r s  (5OOOC) a r e  indeed h i g h l y  
amorphous and ,  t h e r e f o r e ,  have t h e  h i g h e s t  concen t r a t ion  of  r e a c t i v e  s i tes .  
Second, t h e  measured peak i n  OCC does n o t  n e c e s s a r i l y  co inc ide  w i t h  t h e  
peak i n  r e a c t i v i t y .  In f a c t ,  t h e  maximum r e a c t i v i t y  a s  a f u n c t i o n  of  burn- 
o f f  occu r s  a t  10 p e r c e n t  burnoff  where t h e  OCC is much lower. The maximum 
OCC occur s  a t  about  60 pe rcen t  bu rnof f .  The re fo re ,  t h e  changes i n  OCC does  
n o t  c o r r e l a t e  w i th  t h e  r e a c t i v i t y  a s  a f u n c t i o n  of  bu rnof f .  S e v e r a l  o t h e r  
r e sea rche r s  a l s o  faced d i f f i c u l t i e s  i n  c o r r e l a t i n g  r a t e  c o n s t a n t  w i t h  a c t i v e  
su r face  a r e a .  Using t h e  same procedure  a s  La ine  e t  a l .  ( 4 ) ,  Tay lo r  and 
Walker (23) measured ASA f o r  p a r t i a l l y  ox id i zed  samples of  Sa ran  cha r .  
The i r  a t t empt s  t o  measure UASA l e d  t o  t h e  conc lus ion  t h a t  t h e r e  was no C O K -  

r e l a t i o n  between ASA and r e a c t i v i t y .  

An a l t e r n a t i v e  approach t o  the  ones t aken  by Laine  e t  a l .  (4)  can  be con- 
s ide red  (18). 
by t h e  " t r a n s i e n t "  carbon-oxygen s u r f a c e  i n t e r m e d i a t e s ,  t h e  decomposi t ion  
o f  t h e  " s t ab le"  carbon-oxygen complex a l s o  c o n t r i b u t e s  t o  g a s i f i c a t i o n .  
The r e a c t i o n  r a t e  of  t h e  samples wi th  oxygen can  be desc r ibed  by: 

One can  a rgue  t h a t  i n  a d d i t i o n  t o  gaseous p roduc t s  gene ra t ed  

- dP + = ke (P 1 (UASA) + % (POZ)(TSA) 
02 

Where k 
and bas51  p l ane  carbon atoms, r e s p e c t i v e l y .  
by carbon t o  produce a ' l a rge  amount of  ASA, t h e  f:rst tkrm of t h e  above equa- 
t i o n  dominates .  

Su and Pe r lmut t e r  (18) cons idered  t h a t  t h e  r a t e  cons t an t s  f o r  cha r  o x i d a t i o n  
cannot be desc r ibed  based s o l e l y  on UASA. According t o  t h e s e  a u t h o r s ,  a l l  
su r f ace  ( s t a b l e  O K  t r a n s i e n t  oxygen-complex) s i t e s  a r e  impor t an t  f o r  c o a l  
char .  Coal cha r s  a r e  more d i so rde red  than  t h e  graphon s t u d i e d  by Laine  

and \ r ep resen t  t h e  r e a c t i o n  r a t e  cons t an t s  f o r  a t t a c k  a t  t h e  edge 
I f  k >> k , upon some a c t i v a t i o n  
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(whose s u r f a c e  is composed main ly  of  u n r e a c t i v e  b a s a l  p l anes  wi th  ve ry  few 
edge s i t e s ) .  While La ine  e t  a l .  ( 4 )  proposed t h a t  depos i t ed  oxygen tend  t o  
r e t a r d  r e a c t i o n ,  w e  n o t e  i n  t h i s  s tudy  t h a t  t h e  r e a c t i v i t y  was h i g h e s t  when 
OCC (unoccupied a c t i v e  s u r f a c e  a r e a )  was ve ry  low. This  sugges t s  t h a t  t h e  
s t a b l e  complexes may p l a y  an impor tan t  r o l e  f o r  cha r  o x i d a t i o n ,  e s p e c i a l l y  
t h e  chars  t h a t  a r e  h i g h l y  amorphous. 
Pe r lmut t e r  (18) proposed  t h e  fo l lowing  e l emen ta ry  r e a c t i o n s :  

Keeping t h i s  i n  mind, Su and 

ka 
2c + 0 2  ; 2c (0) 

k. 

C ( 0 )  + 0 2  + co ,  cop 

c + 0 2  + co, cop 

kd 

kb 
k = r a t e  c o n s t a n t  f o r  oxygen adso rp t ion  on carbon. 
k? = r a t e  c o n s t a n t  f o r  r e v e r s i b l e  d e s o r p t i o n .  
kz = r a t e  cons t an t  f o r  oxygen decomposi t ion  on cha r  
kb = r a t e  c o n s t a n t  f o r  d i r e c t  bu rnof f .  

The mechanism proposed by Su and Pe r lmut t e r  (18) emphasizes t h e  importance 
of s t a b l e  s i tes  i n  de t e rmin ing  t h e  r e a c t i v i t y  of carbon-oxygen r e a c t i o n .  The 
p r e s e n t  s t u d y  sugges t s  t h a t  t h e  mechanism developed by Laine ,  e t  a l . ,  i s  n o t  
d i r e c t l y  a p p l i c a b l e  f o r  t h e  low-temperature cha r  used i n  t h i s  i n v e s t i g a t i o n .  

The r e s u l t s  shown i n  F i g u r e  3 sugges t  t h a t  t h e r e  may be t h r e e  competing phe- 
nomena r e l a t e d  t o  t h e  change of  OCC dur ing  cha r  bu rnof f .  During t h e  e a r l y  
s t a g e  of cha r  b u r n o f f ,  t h e  only  a c t i v e  s i tes  a v a i l a b l e  f o r  chemisorp t ion  a r e  
t h o s e  t h a t  p r e s e n t  on t h e  cha r  su r face .  These char  a c t i v e  s i tes  form s t a b l e  
C - 0  complexes by chemiso rp t ion ,  b u t  no t  a l l  s i t e s  undergo decomposition a t  
t h e  r eac t ion  t empera tu re  o f  4 0 0 O C .  Thus, t h e  inven to ry  of  unoccupied a c t i v e  
s i tes ,  i s  g r e a t l y  reduced du r ing  t h e  i n i t i a l  s t a g e s  of cha r  o x i d a t i o n  by t h e  
format ion  of s t a b l e  carbon-oxygen complexes.  Our unpublished r e s u l t s  showed 
t h a t  a s  oxygen was in t roduced  a t  4 O O 0 C ,  t h e  sample showed a s i g n i f i c a n t l y  
r a p i d  weight ga in .  Noniso thermal  h e a t i n g  i n  a i r  o f  c o a l  c h a r s ,  which were 
prepared  from c o a l s  o f  v a r i o u s  r anks ,  a l s o  showed t h e  s i g n i f i c a n t  i n c r e a s e  
i n  sample weight a t  v a r i o u s  tempera ture  r anges ,  depending on t h e  c o a l  rank. 
These r e s u l t s  sugges t  t h e  format ion  of s t a b l e  C - 0  s u r f a c e  complexes t h a t  
would occupy a s i g n i f i c a n t  amount of  a c t i v e  s i tes .  
F l o e s s  e t  a l .  (20),  and L izz io  e t  a l .  ( 1 9 )  have r e c e n t l y  made s i m i l a r  
obse rva t ions .  As t h e  c h a r  con t inues  t o  bu rn ,  a competing p rocess ,  t h e  
opening of f r e s h  s i t e s  p r e v i o u s l y  c losed  t h a t  r e s i d e  on micropore w a l l s ,  
p l a y s  t h e  dominant r o l e  i n  i n c r e a s i n g  t h e  amount of a c t i v e  s i t e s .  For a 
cha r  burnoff between 35 and 65 p e r c e n t ,  micropores  i n  t h e  i n n e r  co re  of t h e  
cha r  may open up t o  expose  more chemisorp t ion  s i t e s  t o  t h e  bulk  gas  phase .  
A t  55-percent  bu rnof f ,  t h e  a c t i v e  s u r f a c e  a r e a  reaches  i t s  maximum, i n d i -  
c a t i n g  t h a t  t h e  a c c e s s i b i l i t y  of  unoccupied a c t i v e  s u r f a c e  a r e a  caused by 
opening of p r e v i o u s l y  c l o s e d  po re  a l s o  r eaches  i t s  maximum. As t h e  w a l l s  
between e x i s t i n g  po res  a r e  burned away, t h e  t o t a l  number o f  open p o r e s ,  a s  
w e l l  a s  a c t i v e  s i t e s ,  s t a r t  t o  dec rease .  Beyond 65-percent  bu rnof f ,  t he  

Guerin e t  a l .  (22 ) ,  
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total availability of active sites decreases. At still higher burnoff 
(e.g., 85-percent burnoff) the amount of OCC is reduced to its initial 
amount of about 200 m2/g. 

In summary, the measured oxygen chemisorption capacity can be explained by 
three competing mechanisms. This study provides credence to the hypothesis 
proposed by Chornet et a1 (15) (at least the second and third stages of the 
proposed reaction schemes seem to follow the events observed in this study). 
The competing events proposed in this study, however, require additional 
validation perhaps by measurements of the total surface area of the char at 
various levels of burnoff. Furthermore, significance of measured oxygen 
chemisorption capacity and the role of stable and unstable oxygen-carbon 
complexes on the reactivity of char at various burnoff levels warrants 
further investigation. 

S W Y  AND CONCLUSIONS 

The results of this study demonstrate that the conventionally defined unoc- 
cupied active surface area, as determined by oxygen chemisorption capacity 
at various levels of burnoff, does not seem to strictly correlate with the 
reactivity rate at various levels of burnoffs. This study suggests that 
stable sites may play a key role in reactivity, but their exact role at 
this stage of investigating is only speculative. The observed phenomenologi- 
cal changes in the measured OCC (active surface area not occupied by stable 
sites), as determined by oxygen chemisorption, at various levels of burnoff 
have been explained in terms of three competing mechanisms: (a) depletion 
of active sites available on the char surface caused by formation o f  a stable 
C-0 complex, (b) increase of nascent active sites because of pore opening, 
and (c) decrease of OCC in the final stage of burnoff because of pore wall 
burnoff. The normalized reaction rate, based on a 10- to 70-percent burnoff 
time for different reaction temperatures, resulted in a single characteristic 
curve for a given type of char that was reacted at any reaction temperature. 
This finding suggests that the different reference times used widely in the 
literature do not necessarily signify parameters of fundamental importance. 

ACKNOWLEDGEMENTS 

The author thanks D r .  P.  Weiher of HETC for his comments in this study. 
A. Lui of EG&G helped plotting the data shown in Figure 2. Funding for 
this work was provided by the U.S. Department of Energy, Assistant Secretary 
for Fossil Energy, Office of Coal Utilization, Advanced Conversion, and 
Gasification. 

REFERENCES 

la. Khan, M. R .  "Significance of Char Active Surface Area for Appraising 
the Reactivity of Low- and High-Temperature Chars," Fuel, 1987, 66 ,  
(121, 1626. 

lb. Khan, M. R .  Fuel Science and Technology International, Vol. 5 ,  No. 2. 
pp. 185-231. 

19 7 



2a .  Laurendeau, N .  P r o j .  Energy Comb. S c i .  Vol. 4, pp. 221-270 

2b. I s m a i l ,  I. M. K .  Carbon, 1987, 25, (51, 653-662. 

3. Walker, Jr., P.  L. Fuel, 1981, 60. (91, 801. 
4. Laine ,  N. R . ,  V a s t o l a ,  F. J . ,  and Walker, P .  L . ,  J r .  J. Phys. Chem., 

1963, 5 ,  2030. 

5. Radovic,  L. R . ,  Walker,  P .  L . ,  J r . ,  and J e n k i n s ,  R .  G .  Fuel, 1983, 
- 62, (71, 849. 

6. Tong, S. B . ,  P a r e j a ,  P . ,  and Back, M .  H .  Carbon, 1982, 20, (3). 191. 

7. Causton, P . ,  and  McEnaney, B. Fuel, 1985, 64, (lo), 1447. 
8. Ranish ,  J. M., and Walker, P.  L . ,  J r .  P r e p r i n t s  of Papers  Presented  

a t  t h e  194th N a t i o n a l  Meeting, New Or l eans ,  Lou i s i ana ,  August 31- 
September 4, 1987, Div. Fue l  Chem., ACS, 1987, 2, (4), 132. 

9. Jenk ins ,  R. G., and P io t rowsk i ,  A .  P r e p r i n t s  of Papers  P resen ted  
a t  t h e  194th N a t i o n a l  Meeting, New Or l eans ,  Lou i s i ana ,  August 31- 
September 4, 1987, Div. F u e l  Chem., ACS, 1987, 21, ( 4 ) ,  147. 

10. Vas to la ,  F.  J., H a r t ,  P. J . ,  and Walker, P. L., Jr.  Carbon, 1964, 
2, 65. \ 

11. Har t ,  P. J . ,  V a s t o l a ,  F. J., and Walker, P. L . ,  J r .  Carbon, 1967, 
5, 363. 

12. Lussow, R. 
5, 591. 

O . ,  Vas to l a ,  F .  J . ,  and Walker, P. L., J r .  Carbon, 1967, 

13. Bansa l ,  R .  C . ,  Vas to l a ,  F .  J . ,  and Walker, P. L . ,  J r .  J. Co l lo id  
I n t e r f a c e  S c i . ,  1970, 32, (2), 187. 

14. P h i l l i p s ,  R . ,  V a s t o l a ,  F .  
8 ,  197. 

J . ,  and Walker, P.  L . ,  J r .  Carbon, 1970, 

15. Chornet,  E . ,  Ba ldasano ,  3. M., and T a r k i ,  H.  T. Fuel, 1979, 2, (5), 
385. 

16. Mahajan, 0. P . ,  Yarzab, R., and Walker,  P .  L . ,  J r .  F&, 1978, 57, 
(10). 643. 

17. Solomon, P. R., S e r i o ,  M. A , ,  and Heninger,  S .  C. ACS Div. Chem. 
P r e p r . ,  1986, 3 l ,  (31, 200. 

18. Su, J-L. ,  and P e r l m u t t e r ,  D. D.  A I C h E  J . ,  1985, 31, (61, 973. 

19. L i z z i o ,  A .  A . ,  P io t rowsk i ,  A . ,  and Radovic,  L .  R .  submi t ted  t o  Fuel, 
1988. 

198 



20. Floess, J. K., Longwell, J. P., and Sarofim, A. 
1988, 1, 18-26. 

F. Energy and Fuels, 

21a. Simons, G. A. Fuel, 1980, 59, ( 2 ) ,  143. 

21b. Simons, G. A .  Combustion Science and Technology, 1979, 9, 227. 
22. Guerin, H., Siemieniewska, T., Griller, Y., and Francois, H. Carbon, 

1970, E, 727. 
23. Taylor, R. L . ,  and Walker, P.  L . ,  Jr. Extended Abstracts, 15th Bien- 

nial Conference on Carbon, Philadelphia, Pennsylvania, 1981, 437. 

19B: 10-19-87:ds:Sa 

199 



Char Formation 
l.o Tewerature: 500'C 

0.9 f 
0.8 

0.7 

0.6 

0.5 

0.4 

0.3 
0.2 

0.1 

0 
0 100 2 w  300 

Time. 1. min 

80 

70 

60 

50 

40 

30 

20 

- 
* 0  

- * 0 0  

* o  
CO 

- : o  
+ a  

d 
500'C Char 

T.OC 

+ 400 
0 420 
0 450 
* 174 

- 
o'p 

__ 9 - 

tQ* 
~ @ *  

8 

&@* 
- 

B 

188-2246-0 AAlO 

f 0  

t o o  
0 ' 0  

* +o 
90 

'0 

500'C Char 
%' 

9 -+ T.'C . *  - 

80-  

70 

60 

50 

40 

30 

- 

- 

- 

- 

+ 400 
*n$ ' 0 420 

- 



950.C Char 

T. OC 

+ 400 
0 430 
0 450 

- 

b 
0 1 2 3 4 5 6 7  

Dimensionless lime,T,-(Based on 10 Percent Burnofl) 

Figure 2c. Normalized Burnoff Curves for 950°C Char Oxidized 
at 400°, 430°, and 450°C 
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Figure 2d. Normalized Burnoft Curves for 95OOC Char Oxidized 
at 400°, 430°, and 45OOC 
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Figure 3. Changes in the Measured Active Surface Area (ASA) as 
Determined by Oxygen Chemisorption at Different Burnoff 
Levels of 50OoC Char (Oxidized at 400° C) 
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